Purpose: This study was designed to identify factors that predict longitudinal increases in corneal curvature as measured by the First Definite Apical Clearance Lens (FDACL) and flatter keratometric reading (Flat K) in keratoconus. Methods: The Collaborative Longitudinal Evaluation of Keratoconus (CLEK) Study is a long-te rm evaluation of the natural history of keratoconus involving 1209 patients. This report uses 8 years of follow-up data from 1032 patients who had penetrating keratoplasty in neither eye at baseline and who provided enough data to compute the slope of the change with time in the FDACL or the Flat K. Outcome measures included the aforementioned slopes and whether the FDACL or the Flat K increased by 3.00 or more diopters (D) in at least 1 eye. Results: At CLEK Study entry, patients were aged 38.9 T 10.8 years. Overall, 44.3% of them were women, and 69.3% of them were white. The slope of the change in FDACL (0.18 T 0.60 D/y) and Flat K (0.20 T 0.80 D) during 8 years translates into expected 8-year increases of 1.44 D in FDACL and 1.60 D in Flat K. Increases of Q3.00 D in either eye had an 8-year incidence of 24.8% for FDACL and 24.1% for Flat K. Independent predictors of increased FDACL included younger age, poorer baseline high-contrast manifest refraction visual acuity, and nonwhite race. Younger age and poorer high-contrast manifest refraction visual acuity were independent predictors of a 93.00-D increase for both FDACL and Flat K. Conclusion: CLEK patients exhibited a slow but clear increase in corneal curvature. Younger age and poorer high-contrast manifest refraction visual acuity at baseline predicted the rate of change in corneal curvature.
C
orneal curvature is typically measured by keratometry or videokeratography. Both methods have been shown to be repeatable in measuring spherical surfaces, such as steel balls, to within 0.25 diopter (D). 1Y4 For normal human corneas, keratometry has been shown to be repeatable to within 0.87 D 1,5Y7 and videokeratography to within 0.50 D. 1, 3, 8, 9 It has been suggested that the poorer repeatability of keratometry and videokeratography measurements on human eyes might be the result of tear film instability, patient fixation, and examiner focusing variance.
Measurement of corneal curvature in patients with irregular corneal surfaces, like in keratoconus, is more challenging and less repeatable. 10 Keratoconus patients show steeper than normal keratometry readings and videokeratography-derived simulated keratometry indices. The range of the keratometer often needs to be extended to measure their corneal curvature. Corneal surface irregularity, as determined by mire distortion with keratometry and irregularity indices with videokeratography, is greater in keratoconic than normal corneas. 10 Irregularity and steep curvature are used to monitor disease severity and progression in keratoconus. Mire distortion, present with most keratoconus corneas, makes keratometry more challenging and readings less repeatable because keratoconus leads to an irregular form of astigmatism in which the major axes are generally not orthogonal. Because irregularity is difficult to quantify using manual techniques, such as keratometry, most clinicians concentrate on the numeric curvature findings to document the progression of the disease.
The normal cornea flattens from birth through the first decade. Asbell found that for infants younger than age 6 months, the average corneal curvature was 47.59 D, flattening to 45.37 D at age 18 to 24 months and stabilizing at approximately age 4.5 years at 42.69 D. 11 In keratoconus, corneal curvature readings are consistently steeper than the unaffected population. Ninety-five percent of CLEK Study patients had steep keratometric values of Q45 D at baseline. 12 Additionally, in normal patients, corneal curvature readings have been documented to be fairly similar between eyes. In keratoconus, however, Zadnik et al 13 found clinically and statistically different values comparing the better eye to the worse eye.
As keratoconus progresses, corneal curvature typically steepens. Once the diagnosis of keratoconus is made, patients and clinicians often ask how much the condition is expected to progress during the coming years. Progression of the disease as defined by steeper corneal curvature readings commonly requires modification of the contact lens fit or referral for penetrating keratoplasty if an acceptable contact lens fit can no longer be achieved. Keratoconus patients who undergo penetrating keratoplasty (PK) tend to have more advanced disease with steeper corneal curvature findings, although Liu et al 14 found that the surgical and postsurgical vision outcomes of PK were independent of preoperative corneal curvature and corneal distortion severity.
The purpose of this analysis was to describe the longitudinal changes in corneal curvature during an 8-year period, encompassing the spectrum of disease severity found in keratoconus. The progression of disease is reported as defined by changes in corneal curvature measured directly, via keratometry, and indirectly, by using rigid contact lenses of varying base curves to achieve apical clearance (FDACL). Future articles will describe changes in corneal shape as measured by videokeratography.
MATERIALS AND METHODS

Patients
The Collaborative Longitudinal Evaluation of Keratoconus (CLEK) Study is an 8-year observational study of the characteristics and progression of keratoconus. Sixteen CLEK Participating Clinics enrolled 1209 eligible keratoconus patients (2416 eyes) during the recruitment period from May 31, 1995 to June 29, 1996.
To exclude patients with irregular corneal astigmatism caused by other, nonkeratoconic causes, a strict definition of keratoconus was used. At the time of enrollment, patients: 1) had to be at least 12 years old; 2) have an irregular cornea, determined by distortion of the keratometric mires, the retinoscopic reflex and/or the Bred^reflex on direct ophthalmoscopy; 3) have at least 1 of the following biomicroscopic signs in at least 1 eye: Vogt's striae, Fleischer's ring of at least 2-mm arc, or corneal scarring consistent with keratoconus; and 4) anticipate remaining in the CLEK Participating Clinic area for at least 3 years. Patients with corneal transplants, cataracts, intraocular lenses, macular disease, or optic nerve disease (other than glaucoma) in both eyes were not eligible. All enrolled patients provided informed consent according to the protocol of the participating clinics' institutional review boards. All examination procedures were performed by clinicians and/or technicians who had completed training and certification before examining study patients.
Outcome Measures
Keratometry and FDACL, 2 of the many outcomes measured in the CLEK Study, are the subject of this article. Both measurements were performed after contact lens removal if the patient presented at the examination wearing contact lenses. Keratometry was performed soon after contact lens removal, whereas FDACL was performed approximately 45 minutes after contact lens removal.
At each study visit, the clinician performed keratometry according to the CLEK Study protocol. Each clinical site verified the accuracy of its keratometers by using a series of steel balls. Clinicians were trained to specify keratometry readings to 0.12 D. If the patient's cornea was steeper than 52.00 D, and therefore off the keratometer scale in either meridian, the range of the keratometer was extended with a +1.25-or +2.25-D lens, following the CLEK Study protocol. Two readings were obtained for each meridian of each eye at each visit; the average flat and average steep values of those 2 readings are presented.
The First Definite Apical Clearance Lens (FDACL) was determined by applying a series of CLEK Study trial lenses, beginning with the trial lens whose base curve equaled the steep keratometric reading. Sodium fluorescein was instilled, and the fluorescein pattern was evaluated. If the initial fluorescein pattern was flat (apical corneal touch), then the next steeper trial lens was applied. This procedure was repeated until the first definite apical clearance fluorescein pattern was observed. This lens is referred to as the First Definite Apical Clearance Lens or FDACL and is described in greater detail elsewhere. 10 FDACL determination was made on all CLEK Study patients, even those who did not present wearing their rigid contact lenses. Eyes with corneal grafts were excluded. The FDACL estimates the sagittal height of the cone. The sagittal height of the rigid contact lens base curve slightly exceeds the sagittal height of the cornea beneath the optic zone with the FDACL method.
We report results on 4 measures of corneal curvature change. Two of these outcomes describe changes in FDACL, and 2 describe changes in Flat K. The first measure of change in both FDACL and Flat K are eye-specific measures that are quantified by using the slope of the within-eye regression line that describes changes from baseline to year 8, with CLEK data having been collected annually during the follow-up period. The calculated slope is a measure of the change per year in diopters and can be multiplied by 8 to compute the projected change during the 8-year follow-up period. The slope was coded as missing for a given eye if there had been a penetrating keratoplasty at baseline or if, in addition to the baseline assessment, there were fewer than 2 valid data points that preceded any incident penetrating keratoplasty in the relevant eye. Also, because the accuracy of calculated slopes could be compromised by ceiling effects (ie, a cornea was actually steeper than could be measured by FDACL and/or keratometry), an eye was included in the analysis only if the baseline corneal curvature was G64.50 D and only if there were at least 2 subsequent measurements that were less than the maximum possible curvature on the measurement device. If a value after the third valid measure was a maximum for the measurement device, that value and all subsequent values were excluded from the slope calculations because the effect of including data at the ceiling would be to artificially attenuate the increase in the measure, thereby yielding a biased underestimate of the true slope. The only exception to the above rules occurred with eyes having a keratometry reading of 60.63 D at baseline. During the first half of the baseline period, the keratometer had a maximum curvature reading of 60.63 D. An extension to the keratometer was subsequently provided, increasing the maximum reading to 68.30 D. Thus, baseline readings of 60.63 D potentially had much higher true values, possibly more than the cutoff of 64.50 D. Therefore, eyes having a keratometry value of 60.63 D at baseline were re-evaluated by applying the above mentioned rules to data starting at the year 1 visit.
In addition to the eye-specific measures just described, results that concern 2 dichotomous patient-specific outcome measures of whether the patients' FDACL and Flat K did or did not deteriorate during follow-up are presented. Using all slopes that could be computed with the above rules, a patient was deemed to have deteriorated in FDACL and Flat K if the relevant calculated slope yielded a projected increase during the 8-year follow-up period of at least 3.00 D in at least 1 eye. For the purposes of these variables, an increase of at least 3.00 D was defined as having occurred in a given eye if the slope of the regression line for that eye was 90.43, the value that, when multiplied by 8, yields an 8-year projected increase of 3.00 D.
Statistics
Initial analyses focused on evaluating univariate associations between potential predictors and the outcome measure. These univariate associations were then used to identify candidate predictors for subsequent multivariate modeling. For the regression slopes, the eye-specific outcome measures, univariate associations that involved patientspecific covariates, such as age and gender, were analyzed by using the mean slope across eyes, when data for a patient were available from both eyes. In this setting, Pearson correlation coefficients between the mean slope and the continuous predictors were used, and t tests or analysis of variance were used to compare the mean slopes across the categories of dichotomous and polychotomous predictors. For eye-specific covariates, such as baseline FDACL and acuity measures, Pearson correlation coefficients between slopes and predictors were computed on an eye-specific basis. Predictors whose univariate association with within-eye-regression slopes yielded a P value G0.1 were included in stepwise mixed model analyses, in which the eye was the unit of analysis and the correlation between eyes was considered. The final model included only those predictors with an independent association with the outcome measure, significant at the 0.05 level.
When the outcome was a dichotomous, patient-specific measure, ie, whether at least 1 eye in a patient had deteriorated by at least 3.00 D in FDACL or Flat K, all analyses were performed on a patient-specific basis, which used the between-eye mean of eye-specific predictors in the analyses. With these outcomes, the initial analyses included Pearson correlation coefficients for continuous predictors, t tests for dichotomous predictors, and analyses of variance for polychotomous predictors. All variables that produced a P value of G0.1 were then included in stepwise logistic regression analyses, which produced a best set of independent predictors, each having a P value of G0.05. Odds ratios and associated 95% confidence bounds were computed to quantify the magnitude of the significant effects. When the predictor was a measure of letters correctly read at baseline, the variable was entered into the model after dividing by 5 so that odds ratios would refer specifically to the effect on the outcome measure of a difference of a full line instead of a single letter correct. Because preliminary evaluations of age as a predictor demonstrated a clear nonlinear relationship with all outcome measures, with risk being essentially the same in the older age groups but appearing to be much greater in younger patients, all analyses treated age as a dichotomous variable; 35 years was the point of dichotomy. Results are expressed as means T standard deviations.
RESULTS
There were 1062 patients with at least 1 study-eligible eye with at least 1 slope from FDACL or Flat K. There were 1940 eyes from 1020 patients for FDACL and 1988 eyes from 1028 patients for Flat K. Table 1 Table 1 shows that 24.8% of patients had projected increases of 3.00 D or more in FDACL in at least 1 eye, whereas 24.1% had similar projected increases in Flat K. Patients were aged 38.9 T 10.8 years; 38.3% were younger than aged 35 years, 44.3% were female, and 69.3% were white. Table 2 describes the unadjusted associations between potential predictors and the slope of the line describing change with time in FDACL and Flat K. Although highly significant (P G 0.0001 in both cases), the tabulated correlation coefficients between age and both the FDACL (r = j0.249) and Flat K (r = j0.194) slopes obscure the fact that the relationship is not linear, with age differences older than aged 35 years having little association with the outcome measure. Thus, the focus of all subsequent analyses of age involves a dichotomized age measure. Table 2 indicates that the FDACL slope among patients younger than aged 35 years (0.34 T 0.7) was far greater than the FDACL slope in the older age group (slope = 0.1 T 0.3 D/y; P G 0.0001). Corresponding figures for Flat K were 0.41 T 1.1 D/y (younger than aged 35 years) versus 0.1 T 0.4 D/y (older than aged 35 years; P G 0.0001). The FDACL slope of non-white patients (0.3 T 0.7 D/y) was far greater than that of white patients (0.15 T 0.4 D/y; P G 0.0001). The FDACL slope had a modest but highly significant positive correlation with the baseline values of FDACL and both Flat and Steep K. There were highly significant but modest negative correlations between the baseline value of all visual acuity measures and the change in FDACL, indicating a slightly greater tendency for FDACL to increase in patients with reduced baseline visual acuity. These associations were similar when the outcome measure was the slope of the change in Flat K. The exceptions were that in contrast to Flat K, FDACL had modest borderline significant associations with eye rubbing (P = 0.057) and corneal staining (P = 0.081) and that baseline Flat K had a nonsignificant correlation with the Flat K slope (P = 0.433). Table 3 contains the results of stepwise mixed model analyses of covariance focused on determining independent predictors of the slope of the change in FDACL and Flat K. With 3 exceptions, candidate variables for these models included all variables in Table 2 that had a significant (P G 0.05) or borderline significant (P G 0.1) association with the outcome measure. As already discussed, the first exception was that the dichotomized age measure was used, whereas age as a continuous measure was excluded from these models. The second exception was that because of the high correlation between baseline FDACL, baseline Flat K, and baseline Steep K, baseline FDACL was selected as the only candidate predictor of the FDACL slope, and baseline Flat K was the only potential predictor of the Flat K slope. The final exception was that because of the high correlation between the tabulated visual acuity measures, we used baseline high-contrast manifest refraction letters correct as the only potential predictor of both outcomes, because it had the highest correlation among the acuity measures with both outcomes. Table 3 indicates that younger than aged 35 years (P G 0.0001), high-contrast manifest refraction visual acuity (in letters correct, P G 0.0001), and non-white race (P = 0.017) were the only significant, independent predictors of the slope of the change in FDACL. The adjusted regression coefficient for younger than aged 35 years of 0.21 means that patients younger than aged 35 years can be expected to have an adjusted annual increase of 0.21 D more than patients who are older than aged 35 years. This means that during the 8-year follow-up period, the FDACL of younger patients will increase by an expected 1.68 D more than that of older patients. High-contrast manifest refraction visual acuity was entered into the model after dividing the number of letters correct by 5, meaning that the regression coefficient should be interpreted as predicting changes in regression slope as a function of the number of lines that were correctly read at baseline. Thus, the tabulated regression slope of j0.027 T 0.004 D/y (95% confidence bounds from j0.034 to j0.020) for baseline high-contrast manifest refraction visual acuity means that, after adjusting for covariates, an eye that could read 1 line less than another eye at baseline could be expected to have a FDACL increase of approximately 0.027 D per year High-contrast entrance binocular r = j0.093 r = j0.11 P G 0.0001 P G 0.0001 Low-contrast entrance binocular r = j0.100 r = j0.118 P G 0.0001 P G 0.0001 High-contrast best corrected r = j0.083 r = j0.098 P = 0.0002 P = 0.0023 Low-contrast best corrected r = j0.096 r = j0.132 P G 0.0001 P G 0.0001 High-contrast entrance r = j0.092 r = j0.107 P G 0.0001 P G 0.0001 Low-contrast entrance r = j0.107 r = j0.136 P G 0.0001 P G 0.0001 Manifest refraction r = j0.174 r = j0.170 P G 0.0001 P G 0. Table 3 shows that the independent predictors of deterioration in Flat K were younger than aged 35 years (P G 0.0001), baseline high-contrast manifest refraction visual acuity (P G 0.0001), and baseline Flat K (P = 0.006). The interpretation of the tabulated regression coefficients follows the same logic as discussed above. Table 4 contains unadjusted data measuring the association between potential predictors and 2 dichotomous patient-specific outcome measures. The outcome measures are whether, in accordance with the definition in MATERI-ALS AND METHODS, the patient experienced an increase of at least 3.00 D in either eye in FDACL or Flat K. Because the outcome measures are patient-specific, patient-specific predictors were generated using the mean of all eye-specific measures as the value of the predictor whenever data were available from 2 eyes. Panel A of Table 4 indicates that all tabulated continuous predictors had a significant unadjusted association with both outcome measures. Panel B shows that, among the categorical predictors, younger than aged 35 years (P G 0.0001), non-white race (P = 0.0004), number of eyes rubbed per patient (P = 0.005), and number of eyes with corneal staining (P = 0.037) were the only significant predictors of an increase of 3.00 D in FDACL. Significant, unadjusted predictors of an increase of 3.00 D or more in Flat K included younger than aged 35 years (P G 0.0001), non-white race (P = 0.0004), number of scarred eyes at baseline (P G 0.0001), number of eyes rubbed (P = 0.013), and number of eyes with corneal staining (P = 0.006). Table 5 contains the results of stepwise logistic regression analyses, which generate a model consisting of independent predictors of an increase of Q3.00 D in FDACL and Flat K in at least 1 eye. Table 5 indicates that the significant independent predictors of our dichotomous measure of deterioration in FDACL were younger than aged 35 years (odds ratio = 2.58; P G 0.0001) and lower baseline high-contrast manifest refraction visual acuity (odds ratio = 1.19 per line; P G 0.0001). Table 5 indicates that the only independent predictors of an increase of Q3.00 D in Flat K in at least 1 eye were younger than aged 35 years (odds ratio = 3.12; P G 0.0001) and lower baseline highcontrast manifest refraction letters correct (odds ratio = 1.31 per line read; P G 0.0001).
DISCUSSION
There are a number of older reports in the literature that have indicated that keratoconus stops progressing by middle age. Amsler's 15 1938 report on 600 patients suggested that progression was asymmetric and variable, progressing rapidly during a period of 3 to 5 years and then slowing or stopping. In 1946, Amsler 16 reported follow-up data on 286 eyes followed for 3 to 8 years. Twenty-two percent of eyes demonstrated some progression. From his analysis, progression occurred most during ages 10 to 20 years, slowing between ages 20 and 30 years, and was less likely to change after age 30 years.
Tuft and colleagues 17 examined 2723 patients with keratoconus during an 8-year period, retrospectively seeking risk factors that would lead to a patient needing a penetrating keratoplasty. Their work suggested that the number of eyes progressing to penetrating keratoplasty was independently associated with steeper flat and steep keratometry (P G 0.0001), poorer best-corrected visual acuity (P G 0.0001), higher corneal astigmatism (P G 0.0001), black racial group (P G 0.0001), and younger age (P G 0.0006). They also found that patients who had had a penetrating keratoplasty in 1 eye were at greater risk of needing a corneal transplant in the second eye than those who did not have corneal surgery (P G 0.0001). These investigators also proposed that progression of disease, defined as time to corneal transplant, was linear.
Lass and coworkers 18 retrospectively analyzed 746 eyes of 417 patients with keratoconus who had been referred to 3 clinics in the 1980s to determine the factors associated with having a penetrating keratoplasty. They found that 26% of eyes needed corneal surgery: penetrating keratoplasty or epikeratoplasty. Predictors of the need for surgery were previous contact lens wear, best-corrected visual acuity of 20/50 or worse, and average keratometry exceeding 55.00 D at baseline. Smolek and Klyce, 19 using computer morphing of corneal topography data in a keratoconus patient taken at 8 examinations during 76 months, showed an initial increase in severity that reached a plateau by the end of the period.
Li et al 20 reported on longitudinal changes of the initially uninvolved eye in unilateral keratoconus. They followed 85 unilateral keratoconus patients from 6 months to 8 years. Thirty of 85 patients (35.3%) developed keratoconus in their previously uninvolved eye. Of these 30, 83.3% developed keratoconus within 6 years of the initial diagnosis in the first eye. Interestingly, development of keratoconus in the initially unaffected eye was highly associated with more severe keratoconus in the fellow eye.
These studies retrospectively report, directly or indirectly, similar findings of age, baseline corneal curvature, visual acuity, and race as predictors for increases in disease severity. Regarding the course of disease progression, however, the CLEK Study results vary from those of Tuft and colleagues and are more in line with Amsler's observation of a nonlinear progression-with changes in corneal curvature slowing with time. Figure 1 depicts the mean slope of change in Flat K by decade, ranging from aged 10 to 79 years. Younger than aged 20 years, the rate of change is substantially greater than at any other time period. After aged 20 years, the rate of change slows dramatically, eventually reaching a plateau at approximately aged 40 years. There is a rise in the slope in the seventh decade, but this may be the result of only a small number of patients (n = 10) in this age group. The data are similar for FDACL. Another way to assess variations in the rate of change is to look at the number of eyes that changed significantly with time as a function of age decade. Table 6 displays the number of patients in whom the FDACL changed by Q3.00 D across the study. Age decade is defined as the age range of the patient at baseline. From aged 10 to 20 years, 53.33% of patients' corneas steepened by Q3 D. This rate declines substantially to 9.40% during the fifth decade of life. The rate rises again in the sixth and seventh decades, but again, this likely represents a statistical artifact because of the smaller number of eyes in these 2 decades.
Corneal curvature is the clinical variable most commonly used to monitor change in disease severity in keratoconus. This large cohort of patients, followed annually for 8 years after a baseline examination, reveals several important and clinically relevant features. The first and foremost is that age is an important covariate for predicting change in corneal curvature. As is commonly suggested clinically, patients who present with keratoconus earlier in life have a higher risk for more rapid progression in terms of increased corneal curvature. Our analyses indicate that progression slows with age and that by the fourth decade change in curvature is minimal.
Secondly, non-white race has a role in predicting change in the FDACL with time. In the CLEK Study, the majority of non-white patients were black, with only a small number of Hispanics and Asians (Table 1) . A stratified analysis of nonwhite race was performed; however, because of small samples in some strata, a meaningful interpretation was not possible.
Additional predictors of change in corneal curvature were poorer baseline manifest refraction visual acuity and steeper baseline flat keratometry readings. These findings suggest that young age, non-white racial status, poorer spectacle-corrected acuity, and a steeper cornea are predictors for greater steepening of corneal curvature. Results are based on patient-specific logistic regression analyses. *Per 5 letters correct. 
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